1944) and as the founder of modern agriculture. His main publications related to agronomy (Liebig, 1840 (Liebig, , 1855 Modern treatises on the origin of the theory of mineral nutrition appeared in the second half of this period. Other promi- because of his formulation of the Law of the Minimum.
A uthors dealing with the history of Soil Science tion of plants, and the formulation of the Law of the frequently recognize different periods of developMinimum, in essence, already had been carried out in ment. Russell (1952) and Wild (1988) , for example, call the 1820s and 1830s by Liebig's countryman and colthe period from 1800 to 1860 the Modern Period. For league Carl Sprengel. In today's agronomic literature, Boulaine (1994) , this period ended around 1870. Achowever, the work of Sprengel is rarely acknowledged cording to these authors, this was the period in which (see, for example, Rossiter, 1975; Viets, 1977; Dyke, 1993 ; both physiology and agriculture were founded. Major or McDonald, 1994) . For that reason, our objective in advances of the Modern Period were the refutation of this paper is to draw attention to Sprengel's work, so that the humus theory and the development of the theory of present and future generations of agronomists have a mineral nutrition of plants. A discussion of the humus chance to recognize fully his achievements. theory is given, for example, by Russell (1952) in the introductory chapter of his classic book on soil conditions and plant growth. The Swedish professor of chemistry The Life of Sprengel-A Brief Outline J.G. Wallerius (1709 J.G. Wallerius ( -1785 , from the University of Upp-A first biography (in German) about Carl Sprengel sala, is often quoted as the most prominent founder of was written by F. Giesecke, but his manuscript [Giesecke, the humus theory (Russell, 1952 ). 1945 . Philipp Carl Sprengel (1787 -1859 : Biographical The German chemist Justus von Liebig (1803 Liebig ( -1873 is study about the life and work of the important agricultural generally considered as the most significant scholar of chemist as a contribution to the history of the natural the so-called Modern Period (see, for example, Browne, and agricultural sciences] was never published. This manuscript, as well as much of the material on which it R.R. van der Ploeg, Inst. lands to broaden his views on farming. In these years of vocational wandering, he became convinced that for any Short descriptions, in German, about Sprengel's life and work, are further given by Giesecke (1929) , progress in farming, agriculture needed the sound foundation of basic science. Schroeder (1987 ), and, in particular, by Bö hm (1993 , 1997 ). An excellent treatment in English on the history
In search for principles and methods from basic science, Sprengel registered in 1821, at the age of 34, as a student of agricultural chemistry that includes a discussion of the life and work of Sprengel was provided by Browne (1944) .
of natural sciences at the University of Gö ttingen (Fig.  1) . After earning his doctorate in 1823, he worked eight Some biographical information about Sprengel can be found also in Poggendorff (1863) in the American Philomore years at this University. His work included both research and teaching. In 1831, Sprengel moved to sophical Society Library at Philadelphia, PA. From the cited publications, especially from Wendt (1950) founded his private academy. Here he was able to demonstrate on a field scale the applicability of his theory of 1). Around 1800, Thaer was one of the most renowned agronomists in Germany and an avid supporter of the mineral plant nutrition in a crop rotation system. Also in Regenwalde, he met Ernestine Juliane Amalie von only because they promoted the decomposition of humus and the dissolution of organic matter in the soil solution. Wulffen, whom he married in 1841 at the age of 54. Juliane was only 19 yr old at the time of their marriage.
Albrecht Thaer (1752-1828), Sprengel's mentor, was one of the most well-known advocates of the humus theory Carl Sprengel and his wife had two children, a girl and a boy. His many activities in Regenwalde included the (Wendt, 1950) . His often quoted book of four volumes (Thaer, 1809-1812) was translated into English as late as successful foundation of a factory that produced agricultural machinery. Sprengel's undated picture is shown in 1844 (Russell, 1952) , showing that the humus theory even in the Modern Period (1800-1860) still received ac- Fig. 2 . He died of heart failure on 19 April 1859, at Regenwalde, now Resko, Poland. ceptance. Russell (1952) and Wild (1988) , however, also point out that during the Phlogistic Period, new methods for
The Work of Sprengel studying plant nutrition were developed such as pot exThe year 1787, in which Sprengel was born, fell at the periments and plant analyses. The end of the Phlogistic end of a period in the development of soil science and Period and the beginning of the Modern Period are plant nutrition that Russell (1952) and Wild (1988) call marked by the work of de Saussure (1804) in Switzerland. the Phlogistic Period. It was the period in which the de Saussure did pioneering work on gas exchange of nutrition of plants commonly was explained with the soplants and the nature and origin of salts in plants. He called humus theory. This theory stated that plants lived showed that plant roots were able to take up salts from on humus-derived extracts (in German Extraktivstoff) the soil. For example, he demonstrated that N was taken containing simple water-soluble compounds of C, H, O, up by roots, but was not assimilated from the air. Initially, and N from which they were able to rebuild more complex however, the work of de Saussure did not receive much plant tissue. Plants also were thought to be able, by means attention (Russell, 1952) . of an internal vital force (in German Lebenskraft, in Latin
During the time when de Saussure carried out his exvis vitalis), to generate from these four elements other periments in Switzerland, Sprengel started his career in vital constituents such as Si and K (Wendt, 1950; Russell, agronomy as a student at Thaer's academy at Celle (1802 -1952 Wild, 1988) . Some fertilizer substances like salts 1804). From this time until 1821, when he registered as and lime were considered useful for plant growth, but a student at the University of Gö ttingen, he obtained invaluable practical experience in agronomy at a variety of locations in Germany as well as in adjacent countries. He became familiar with agronomy under different climatic conditions; on different soils from different parent materials; with different crops; and with different organic and mineral fertilizers such as marl, gypsum, and lime. Without doubt, he was in 1821 one of the most experienced and knowledgeable agronomists in Germany (Wendt, 1950) . As a student of natural sciences, Sprengel took courses in chemistry (as he had done in Dresden), physics, botany, mineralogy, geology, and mathematics. By 1823, he had earned his doctorate in chemistry and economics. Sprengel stayed at the University of Gö ttingen, conducted research in agricultural chemistry, and became a lecturer (docent) in 1826. From 1827 on, he taught a course in agricultural chemistry (in the winter semester of 1827-1828 5 h a week), which was the first time in Germany that such a course was offered (Bö hm, 1987) . Sprengel also taught a course in general agriculture. At this time he began to publish results of the research he had been conducting at Gö ttingen since 1824. His research dealt mainly with the analysis of plants (cultivated as well as wild plants) and the soils on which they grew. He must have made innumerable analyses, but unfortunately much of his original data were lost, possibly in a fire that destroyed his academy at Regenwalde in 1859.
His first publications dealt with the humus theory and the role of soil organic matter as the only source of plant nutrients. Sprengel (1826) analyzed water-soluble constituents in the humus extract (Extraktivstoff) of a number of soils. In contradiction with the then current humus theory, Sprengel found in the extracts a variety of salts such as alkali nitrates, sulfates, chlorides, and phosphates.
In view of the salts he had determined previously in the ash of plants, and the work of de Saussure about salt uptake by plant roots and CO 2 assimilation from the air, Sprengel concluded that these soluble salts in the humus extract were the real plant nutrients. Hence, in this publication Sprengel essentially disproved the humus theory. It is of interest that Sprengel's article of 1826 was published in the Archiv für die Gesammte Naturlehre. The editor of this journal was the chemist Karl Wilhelm Gottlieb Kastner from the University of Erlangen, under whose guidance Justus von Liebig earned his doctorate in 1823, the same year in which Sprengel was awarded his degree at Gö ttingen. Initially, Liebig also published occasionally his work in this journal, for example, in no. 9 of the 1826 volume. After completing his work on soil organic matter, Sprengel went one step further and analyzed the entire rooting zone of a large number of soils. In a following publication, Sprengel (1828) considered the various soil inorganic compounds he had determined in the topsoil relevance as plant nutrients for various crops, their use as possible fertilizers, and the methods of analysis. In Sprengel stayed at the University of Gö ttingen until some cases, for example with NH 3 , he discussed the possi-1831. On the basis of the courses he was teaching, bility of producing such fertilizers. Simultaneously, he
Sprengel wrote a book of two volumes on agricultural described his theory on mineral nutrition of plants more precisely than in his first publication (Sprengel, 1826) . In chemistry. The first volume (Sprengel, 1831) dealt with total, he listed 20 elements that he considered as plant inorganic aspects of soil chemistry, and the second one nutrients, including N, P, K, S, Mg, and Ca (Sprengel, (Sprengel, 1832) with organic aspects. In both works, 1828, p. 432). In this article (p. 93), he in essence also Sprengel's theory of mineral nutrition of plants and his formulated the Law of the Minimum. In a discussion Law of the Minimum are treated in detail. about the use of salt (NaCl) as a fertilizer, Sprengel stated:
In 1831, Sprengel moved from Gö ttingen to Braunschweig. Although he continued to do research, Sprengel missing, and it will always grow poorly, when one of these is not available in a sufficiently large amount as required by book on soil science is one of the first comprehensive the nature of the plant.
works on this subject matter (see Joffe, 1949; or Schroeder, 1987) . Sprengel left Braunschweig and moved The original text, as part of p. 93 from Sprengel (1828) , to Regenwalde in 1839 to become secretary-general of is shown here as Fig. 3 . In other publications (e.g., the semi-governmental society of (rural) economy in Sprengel, 1831, p. 635; Sprengel, 1839, p. 52) , he repeated Pommern (see Fig. 1 ). His main duty was to foster agronthis law in slightly different words. We can assume that omy in research and teaching as well as in extension. In contemporary scholars, at least in Germany, had knowlparticular, he was hired to teach his theory of plant nutriedge of this law as formulated by Sprengel carried the main teaching load of the academy and simulof Agriculture in Regenwalde. Sprengel also founded a factory for agricultural machinery at Regenwalde and a taneously he managed the experiment station. From 1846 on, his state-supported academy was called the Academy dairy factory (see Wendt, 1950 Dyke, 1993) . terestingly enough in medicine and philosophy) from the In spite of his many tasks, he revised in the 1840s his University of Erlangen. As mentioned before, in the same earlier books (i.e., Sprengel, 1837 Sprengel, , 1838 Sprengel, , 1839 , and he year Sprengel was awarded his doctorate from the Uniwrote a new book of three volumes on crop production versity of Gö ttingen. In the next year, at the age of only (Sprengel, 1847 (Sprengel, -1852 . According to Bö hm (1987) , this 21, Liebig accepted a professorship at the University of book is still among the best published in Germany on this Giessen (Fig. 1) , and in 1825 he became a full professor subject matter. Sprengel was active until shortly before he of chemistry at the same University. From 1822 on, Liebig died in 1859 at the age of 72.
published extensively, at first mainly on topics of inorganic chemistry, and after 1830, increasingly on organic
Sprengel and Liebig
chemistry and pharmacy. By the end of the 1830s, Liebig was a distinguished and world-renowned scientist, with A discussion and an evaluation of the work Sprengel nearly 300, much regarded, high-impact publications in (1787-1859) are not possible without a reference to Liebig the leading journals of chemistry and pharmacy (see Pao-(1803 Pao-( -1873 and his contribution to agricultural chemisloni, 1968). try. Therefore, a brief survey of the life and work of In 1837, Liebig was asked by the British Association Liebig is given here; more detailed biographical and bibfor the Advancement of Science to give a report on the liographical information is provided by Browne (1944) , state of organic chemistry and organic analysis (see Paoloni (1968), and Bö hm (1997) . Browne, 1944) . The first part of this report (on agriculture Justus von Liebig was born in 1803 at Darmstadt (Fig. and physiology) was published 3 yr later (Liebig, 1840 (Browne, 1942a) . The same article further remarked that Liebig "ignored the fact that long before the appearance of his book (Liebig, 1840) Carl Sprengel had announced opinions with regard to humus and mineral fertilizers that were almost identical with those which Liebig himself afterwards proclaimed." At the same symposium, Waksman (1942) and Browne (1942b) , in treatises about the humus theory and the Law of the Minimum, respectively, noted "that the fact that plants obtain their minerals directly from the soil was already clearly outlined by Sprengel (1838) two years before the publication of Liebig's book, and that a formulation of the Law of the Minimum can be found in Sprengel (1837) ." Accordingly, Browne (1944) , in the preface to his book on the history of agricultural chemistry, wrote "that in his Organic Chemistry in its Applications to Agriculture and Physiology Liebig was more a promulgator and defender of truths that had already been announced than a discoverer of new knowledge." More recent views on Liebig's work in agricultural chemistry can be found in Finlay (1991), Munday (1991), and Schling-Brodersen (1992) . Figure 4 shows an undated picture of Liebig around 1860. As mentioned earlier, the most thorough study about the life and the work of Sprengel was conducted by Gü nter Wendt in Germany in the late 1940s. Wendt (1950) (1826, 1828) that may not have been available to either Browne (1942b ) or Waksman (1942 at the time of the pioneering research can be considered as the start of agricultural chemistry. In the 1820s and 1830s, he disLiebig Symposium in 1940. Wendt (1950) also gives a careful account of Sprengel's long dispute with Liebig proved the humus theory; postulated the theory of mineral nutrition of plants, which states that plants require about parts in Liebig's book that were taken from his work without proper acknowledgment. However, Liebig mineral elements to develop; and he formulated the Law of the Minimum. He wrote fundamental text books on insolently ignored Sprengel's complaints and continued to pass off the theory of mineral nutrition of plants as agricultural chemistry, soil science, soil amelioration, plant nutrition and fertilizers, and crop production. He his own. In view of the historical developments, both Wendt (1950) and Bö hm (1987) therefore concluded that founded his own academy of agriculture, edited two agronomy journals, and established the first soil testing Carl Sprengel must be considered as the true founder of the doctrine of mineral nutrition of plants and Justus von laboratory in Germany. He taught the first university course on agricultural chemistry in Germany. He also Liebig as the indefatigable contender in the struggle for its acceptance.
was the founder of a successful factory of agricultural machinery. His manifold outstanding contributions make The question has been raised as to why the work of Liebig (1840) was accepted so widely, whereas the work him a pioneer of agricultural chemistry as much as Boussingault, Lawes and Gilbert, or Liebig. Sprengel deserves of others, such as Sprengel, received only moderate attention. The answer seems to be that Liebig's book was very to be recognized as one of the founders of agricultural chemistry. Furthermore, in view of the historical developtimely, because of a general concern, in the Old World as well as in the New World, about worn-out soils, growing ments, it seems to be appropriate to call the Law of the Minimum henceforth the Sprengel-Liebig Law of the populations, and threatening famines (see Wendt, 1950 or Rossiter, 1975 . Additionally, in contrast to other scholars Minimum. who had been publishing on agricultural chemistry, Liebig was a world-renowned and celebrated scientist. How-
